Cell cycle arrest in response to DNA damage is important for the maintenance of genomic integrity in higher eukaryotes. We have previously reported the novel p53-dependent S-phase checkpoint operating in mouse zygotes fertilized with irradiated sperm. In the present study, we analysed the detail of the p53 function required for this S-phase checkpoint in mouse zygotes. The results indicate that ATM kinase is likely to be indispensable for the p53-dependent S-phase checkpoint since the suppression was abrogated by inhibitors such as caffeine and wortmannin. However, ATM phosphorylation site mutant proteins were still capable of suppressing DNA synthesis when microinjected into sperm-irradiated zygotes lacking the functional p53, suggesting that the target of the phosphorylation is not p53. In addition, the suppression was not affected by a-amanitin, and p53 protein mutated at the transcriptional activation domain was also functional in the suppression of DNA synthesis. However, p53 proteins mutated at the DNA-binding domain were devoid of the suppressing activity. Taken together, the transcriptionindependent function of p53 associated with the DNAbinding domain is involved in the S-phase checkpoint in collaboration with yet another unidentified target protein(s).
Introduction
Genomic DNA is subject to constant attack by damaging agents of endogenous as well as exogenous origins and a series of damage response including DNA repair, cell cycle checkpoint and apoptosis have evolved in higher eukaryotes (Zhou and Elledge, 2000) . Failure of any of the damage response leads to destabilization of genome which then results in induction of mutation and cancer (Bartek and Lukas, 2001) . p53 is a crucial regulator of the damage response such as cell cycle checkpoint and apoptosis (Levine, 1997; Wahl and Carr, 2001; Yakovleva et al., 2002) . When cells are exposed to radiation, ATM sensor kinase is activated and phosphorylates p53 protein. The phosphorylated p53 protein accumulates in the nucleus and transactivates downstream effecter genes such as p21, Bax and p53AIP1, which execute cell cycle checkpoint and apoptosis (Oda et al., 2000; Bartek and Lukas, 2001 ).
S-phase checkpoint is triggered by DNA damage and the stalled replication fork, and operates in two mechanisms: suppression of replication origin firing and replication fork progression (Zhou et al., 2002; Longhese et al., 2003; Merrick et al., 2004) . The involvement of the ATM pathway in S-phase checkpoint has well been documented, in which downstream Chk2 and Cdc25A prevent progression of DNA replication. However, the studies in the past have excluded the involvement of p53 from this important checkpoint (Yarbrough et al., 2002) . It was reported that hydroxyurea (HU)-induced DNA replication block leads to the accumulation of p53, but this accumulation was not accompanied by the activation of downstream genes (Gottrfredi et al., 2001) . Another study reported that p53 accumulated in response to HU and aphidicolin (APH) treatments was capable of transactivating target genes (Nayak and Das, 2002) . Although contradictory, these results do imply that at least p53 and its downstream genes respond to replication block, but their role in S-phase checkpoint itself is still obscure. However, recent studies have suggested the role of p53 in S phase as preventing replication and suppressing the formation of recombinogenic DNA lesions (Vaziri et al., 2003; Kumari et al., 2004) .
In contrast to the above studies, we have discovered that p53 is directly involved in the suppression of DNA synthesis in mouse zygotes fertilized with irradiated sperm (Shimura et al., 2002a) . This suppression of DNA synthesis was due to the genuine damage response and not due to the mechanical block of replication fork by DNA damage since it operated equally on unirradiated female pronuclei as well as on irradiated male pronuclei. The p53-dependent checkpoint in S phase could be specific only to the zygote stage of development, since early developmental stages are known to be unique in that they lack G1/S and G2/M cell cycle checkpoint. Indeed, even when treated with APH, cell division takes place normally in Xenopus and Drosophila embryos until the mid-blastula transition stage (Raff and Glover, 1988; Clute and Masui, 1997) . Mouse zygotes were reported to possess an extremely high level of p53, whose biological significance is not clarified yet, except for our findings of its role in S-phase checkpoint and protection of embryos (Amariglio et al., 1997; Shimura et al., 2002b) .
The present study was conducted to elucidate the mechanism of p53 in the suppression of DNA synthesis in sperm-irradiated mouse zygotes. Microinjection experiments have indicated that the domain of p53 for the suppression overlapped with that for the DNA binding but not the transactivation function. In addition, the p53-dependent S-phase checkpoint seems to require ATM/AT-related kinase function that phosphorylates yet another unidentified target protein(s).
Results

Suppression of DNA synthesis by p53-dependent S-phase checkpoint
The rate of DNA synthesis was examined by 30 min pulse-labeling with bromodeoxyuridine (BrdU) in zygotes fertilized with irradiated sperm (sperm-irradiated zygotes), and BrdU-labeled DNA was detected as foci of various sizes ( Figure 1 ). As is clear from Figure 1 , the number and the size of foci were suppressed in 6 Gy sperm-irradiated zygotes carrying the wild-type p53 gene (p53WT zygotes). The suppression in irradiated male pronuclei could be due to the mechanical blocks of replication fork by DNA damage. However, the decreased uptake in intact female pronuclei suggested that the suppression was due to the checkpoint response transmitted through cytoplasm of the zygotes. This suppression was not observed in sperm-irradiated zygotes lacking p53 (p53KO zygotes). These results were consistent with our previous report (Shimura et al., 2002a) .
Contribution of the ATM pathway
Phosphorylation of p53 by ATM sensor kinase is pivotal to the DNA damage response of the irradiated cells. Therefore, we have tested the effect of two kinase inhibitors, caffeine and wortmannin. Caffeine at the concentration of 3 mM inhibits both ATM and ATR kinases, while wortmannin at the concentration of 20 mM inhibits ATM and DNA-PK but not ATR (Zhou et al., 2002) . Total amount of DNA synthesized in S phase was assessed by grain counting of zygotes labeled from 8 to 18 h after fertilization, covering the entire S phase of zygotes with [ 3 H]TdR in the presence of the respective inhibitors.
The numbers of silver grains were similar between male and female pronuclei in p53WT and in p53KO zygotes (Figure 2a and b) . Incubation of the zygotes with caffeine and wortmannin had no effect on the DNA synthesis of control p53WT and p53KO zygotes fertilized with unirradiated sperm. DNA synthesis was strongly suppressed in 6 Gy sperm-irradiated p53WT zygotes, and this suppression was completely abrogated by the two drugs (Figure 2a) . Similar experiments carried out on p53KO zygotes demonstrated that DNA synthesis was not suppressed by 6 Gy irradiation to sperm (Figure 2b) . Also, the two inhibitors exerted no effect on DNA synthesis of sperm-irradiated p53KO zygotes. In order to exclude the possible role of DNA-PK in the p53-dependent S-phase checkpoint in a more direct way, we have tested zygotes from SCID mice for the effect of sperm irradiation. DNA synthesis was suppressed in 6 Gy sperm-irradiated SCID zygotes to a similar extent as WT zygotes (Figure 2c ).
Although conclusions have to be reached with great care when using inhibitors, these results suggest that the p53-dependent S-phase checkpoint in mouse zygotes is likely to require the ATM function, but not to ATR or DNA-PK. They also suggest that phosphorylation by ATM of either p53 or some other target protein(s) is essential for the suppression. These two possibilities are examined as below.
No requirement of ATM phosphorylation of p53 in the S-phase checkpoint ATM phophorylation site mutants of p53 were tested for their ability to suppress DNA synthesis in spermirradiated zygotes. ATM and other kinases phosphorylate human p53 protein at serine residues of positions Figure 1 p53-dependent suppression of DNA synthesis in spermirradiated mouse zygotes. Control and 6 Gy sperm-irradiated p53WT and p53KO zygotes were incubated in the presence of 100 mM BrdU for 30 min and incorporated. Large and small pronuclei correspond to male and female pronuclei p53-dependent suppression of DNA synthesis M Toyoshima et al 15, 20, 46, and 315 , and these sites were mutated to alanine to create S15A, S20A, S46A, and S315A mutants, respectively. These four mutants in the form of glutathione S transferase (GST) fusion protein were microinjected into p53KO zygotes ( Figure 3 ). The suppression of DNA synthesis was restored by microinjection of the wild-type p53 in sperm-irradiated p53KO zygotes. In addition, all the phosphorylation mutants of S15A, S20A, S46A, and S315A proteins behaved similarly to the wild-type protein and restored the suppression of DNA synthesis in sperm-irradiated p53KO zygotes.
Transcription-independent suppression of DNA synthesis by p53 p53 functions can be classified into two categories: transcription dependent and transcription independent. We have tested a p53 mutant L22Q/W23S carrying mutations at two consecutive amino-acid residues of leucine 22 to glutamine and tryptophan 23 to serine. L22Q/W23S lacks the transactivation function completely (Chao et al., 2000) . Microinjection of this protein did not affect DNA synthesis of control p53WT zygotes and control p53KO zygotes (Figure 4a and b), nor did it interfere with the suppression of DNA synthesis in sperm-irradiated p53WT zygotes (Figure 4a ). Furthermore, microinjection of the protein even suppressed DNA synthesis of sperm-irradiated p53KO zygotes ( Figure 4b ). Therefore, the transcriptional activation domain is not involved in the p53-dependent S-phase checkpoint. Additionally, the effect of a-amanitin, an inhibitor of RNA polymerase, had no effect on DNA synthesis of zygotes, regardless of the genotype and the state of sperm irradiation (Figure 2a and b) . These results clearly demonstrate that the transactivation function of p53 is not required for the suppression of DNA synthesis in the sperm-irradiated zygote. Thus, we are compelled to postulate that either direct or indirect interaction of p53 protein with either DNA or the replication machinery is the likely mechanism of the p53-dependent S-phase checkpoint. Effects of inhibitors and effect of the SCID mutation on DNA synthesis in sperm-irradiated mouse zygotes. Caffeine (3 mM), wortmannin (20 mM), and a-amanitin (20 mM) were added to the cultures at 6 h postfertilization and the zygotes were incubated further with 0.1 mCi/ml of [ 3 H]TdR from 8 to 18 h after fertilization. The average grain number per nucleus was plotted for each male and female pronucleus of the control and 6 Gy spermirradiated p53WT (a) and p53KO zygotes (b). Similar analyses were carried out on zygotes from SCID mice (c) Figure 3 Microinjeciton of phosphorylation site mutant proteins. A series of mutant proteins were microinjected into control and sperm-irradiated p53KO zygotes and DNA synthesis was assessed by incubating the zygotes with 0.1 mCi/ml of [ 3 H]TdR from 8 to 18 h after fertilization. S15A, S20A, S46A, and S315A are the serine to alanine mutants at 15, 20, 46, and 315 residues of the protein p53-dependent suppression of DNA synthesis M Toyoshima et al
Involvement of the DNA-binding domain in the suppression
The interaction of p53 protein with DNA replication machinery might be essential for the suppression of DNA synthesis in sperm-irradiated mouse zygotes. The p53 protein has a regulatory domain which interacts with DNA and other proteins. Two DNA-binding domain mutants were tested. R175H mutant carried arginine to histidine mutation at residue 175, which made the protein incapable of binding to DNA due to its denatured conformation (Friend, 1994; Wahl and Carr, 2001; Saintigny and Lopez, 2002; Yakovleva et al., 2002) . When microinjected, R175H abrogated the suppression of DNA synthesis of sperm-irradiated p53WT zygotes in a dominant-negative manner (Figure 4a ). Another DNA-binding domain mutant of R273H, a hot spot mutation partially retaining transactivation activity (Friend, 1994; Wahl and Carr, 2001; Saintigny and Lopez, 2002; Yakovleva et al., 2002) , also abrogated the suppression of DNA synthesis in sperm-irradiated p53WT zygotes. As was expected, microinjection of these two mutant proteins had no effect on DNA synthesis of sperm-irradiated p53KO zygotes (Figure 4b) . From these data, we concluded that the DNA-binding domain of p53 is responsible for the novel S-phase checkpoint in sperm-irradiated mouse zygotes.
Discussion
The novel p53-dependent S-phase checkpoint was discovered previously in mouse zygotes fertilized with irradiated sperm (Shimura et al., 2002a) . This checkpoint was triggered by DNA damage brought into oocytes by irradiated sperm and DNA synthesis was equally suppressed in nonirradiated female pronuclei as well as in irradiated male pronuclei. So, the suppression is a consequence of damage response and does not necessarily require DNA damage on the template strand, and this is now confirmed by the uptake of BrdU in the present study. Further analyses were made in the present study to elucidate the detail of the p53 function involved in this unique p53-dependent S-phase checkpoint.
Requirement of ATM, but not ATM-mediated phosphorylation of p53
The p53-dependent suppression of DNA synthesis in sperm-irradiated zygotes was abrogated by caffeine and wortmannin, both of which were known to inhibit the activity of ATM (Zhou et al., 2002) . Wortmannin also inhibits DNA-PK, which also phosphorylates p53 when cells are treated by nucleoside analogues (Achanta et al., 2001) . However, the extent of the suppression of DNA synthesis in sperm-irradiated SCID zygotes was similar to that of the p53WT zygotes, as shown in Figure 2c . This clearly excludes the role of DNA-PK in the p53-dependent S-phase checkpoint. These imply that ATM is likely to be the required kinase for the p53-dependent S-phase checkpoint in sperm-irradiated zygotes.
Phosphorylation plays important roles for the stability and the activity of p53 (Blattner et al., 1999) . Human p53 is phosphorylated at serine residues of 15, 20, 46, and 315 after ionizing radiations and UV by various kinases including ATM (Tibbetts et al., 1999; Hirao et al., 2000; Oda et al., 2000; Blaydes et al., 2001) . Microinjection experiments demonstrated that mutants of these phosphorylation sites were still capable of suppressing DNA synthesis in sperm-irradiated zygotes. The microinjection overloads the zygote with a large quantity of protein and if the mutant protein still retains residual amount of normal function, the microinjection could restore the function of mutant cells. Therefore, care has to be taken in the interpretation of the experiment. Nevertheless, these microinjection experiments tend to suggest that the phosphorylation of p53 is less likely to be required. This is in contrast to the expectation drawn from the kinase inhibitor experiments, but can be reconciled by postulating the involvement of at least two cooperating factors in the form of a protein complex to execute the p53-dependent S-phase checkpoint: p53 protein itself and another unidentified target protein(s), whose cooperation with p53 is likely to require ATM phosphorylation.
Requirement of the transcription-independent function
Two classes of p53 functions are known: transcription dependent and transcription independent (Chao et al., 2000; Chen et al., 2002; Bertrand et al., 2004) . In the former, p53 serves as a transcription factor activating a series of genes involved in cell cycle arrest and apoptosis. The postulated target protein could be one of those activated by p53. However, the transactivation mutant of L22Q/W23S was capable of suppressing DNA synthesis in sperm-irradiated p53KO zygotes. Furthermore, the suppression of DNA synthesis in spermirradiated p53WT zygotes was not affected by aamanitin. Thus, the transcription-dependent function is not required for the p53-dependent S-phase checkpoint. p53 proteins mutated at residues 175 and 273 of the DNA-binding domain were inactive in restoring the suppression in sperm-irradiated p53KO zygotes, again implicating this domain to the p53-dependent S-phase checkpoint. The DNA-binding domain of p53 binds to DNA and to a variety of proteins including hsp70 and SV40T antigen (Milner and Medcalf, 1991; Ruppert and Stillman, 1993; Friend, 1994) .
p53 interacting proteins and the suppression of DNA synthesis
Replication protein A (RPA) is a heterotrimeric, singlestranded DNA-binding protein consisting of p70, p34, and p14 subunits. RPA is involved in a wide variety of activities including DNA replication and recombination through interaction with replication-related DNA polymerase a and PCNA, and recombination-related Rad51 and Rad52 (Braun et al., 1997; Golub et al., 1998) . The p70 subunit of RPA also binds to p53, and a tripartite RPA-p53-T antigen complex was suggested to suppress DNA replication of SV40 (Dutta et al., 1993) . The p34 subunit of RPA is hyperphosphorylated by ATM when cells are exposed to g-rays, and UV and RPA with the hyperphosphorylated p34 does not form a complex with p53 (Liu and Weaver, 1993; Abramova et al., 1997) . RPA is a pivotal factor in replication machinery and this could be one of the candidates for the postulated ATM target protein for the p53-dependent S-phase checkpoint. Experiments to test this possibility are in progress. The S-phase checkpoint operates in two pathways: suppression of replication origin firing and arrest of replication fork progression. We have preliminary data which suggest that the p53-dependent S-phase checkpoint operates by the latter mechanism (Shimura et al., in preparation) . The arrested replication fork is resolved by homologous recombination (Hartwell, 1992; Cox, 2001) . Homologous recombination induced by DNA damage was reported to be suppressed by p53 in a transcription-independent manner (Saintigny et al., 1999; Saintigny and Lopez, 2002) .
A series of genes are involved in the initiation and resolution of homologous recombination in S phase. Members of the Rad52 epistasis group are particularly important since they are involved in the strand invasion step leading to the formation of the Holliday junction. Interestingly, the most important of the group, Rad51, was shown to interact with p53 (Susse et al., 2000) . In addition, BRCA1 and BRCA2, another key factors for homologous recombination, form complexes with p53 and Rad51 (Scully et al., 1997; Marmorstein et al., 1998; Zhang et al., 1998) . The resolution of the Holliday junction is crucial for completion of recombination and this is carried out by BLM and WRN helicases (Sun et al., 1998; Constantinou et al., 2000; Karow et al., 2000; Pichierri et al., 2004) . Recent studies have demonstrated that p53 binds to and attenuates the activity of BLM and WRN, and the R273H mutation abrogated these two activities (Yang et al., 2002) . Among these two helicases, BLM co-localizes with p53 and RAD51 at the HU-induced stalled replication forks, and BLM is essential for the transport of p53 to the sites (Sengupta et al., 2003) . BLM is also known to be phosphorylated by ATM after g-irradiation and by ATR after HU treatment, and this phosphorylation was shown to be essential for the proper recovery of the cells from the arrested S phase (Davies et al., 2004) . Although homologous recombination is an important pathway to resolve stalled replication fork, the recombination complex itself was proposed to serve as a block to the replication machinery (Aguilera, 2001) . Indeed, normal DNA replication cannot take place while homologous recombination is in progress.
Intricate interplays of p53 and homologous recombination-related proteins imply that the proposed cooperating protein for the p53-dependent S-phase checkpoint could be in addition to RPA one of the members of the recombination machinery. Thus, the p53 protein is likely to serve as a platform for the assembly of a functional protein complex that can regulate DNA synthesis in response to DNA damage. Currently, this possibility is also being pursued in our laboratory.
Materials and methods
Mice
C57BL/6 Â CBA mice with the targeted p53 allele were kindly provided by S Aizawa (Tsukada et al., 1993) . These mice were used to introduce the p53 null allele into ICR mice by repeated backcross of more than 10 generations. The genotype of mice was assessed by the genomic PCR. ICR and SCID mice, 6-weeks old, were purchased from Shimizu Laboratory Supplies Co., Ltd. Mice were maintained in our animal facility on a 12 h light and 12 h dark cycle starting at 7:00 am under standard conditions of temperature (23721C). All animal experiments were carried out under the Kyoto University Guidelines for Animal Experiments.
Zygotes were isolated from the p53 wild-type females mated with p53 wild-type males (p53WT zygotes) or from the p53 null females mated with p53 null males (p53KO zygotes). Similarly, zygotes were obtained from female SCID mice mated with SCID males. In brief, 8-10-week-old female mice of the proesterus stage were caged at 6:00 am with males for 1 h. Successful mating was identified by the presence of a vaginal plug. Females were killed 6 h after mating and the zygotes were collected as described previously (Shimura et al., 2002a) . Cumulus cells were removed by the treatment of zygotes with 10 mg/ml of hyaluronidase (Sigma). The cleared zygotes were then transferred into micro-droplets of M16 medium and cultured further for experiments.
X-irradiation
Partial body irradiation was performed to the testicular area of male mice with a lead shield on the rest of the body at a dose rate of 2 Gy/min (Rigaku Radioflex X-ray Generator, 250 keV, 15 mA with 1 mm Al filter).
Plasmid constructions, protein purification, and microinjection
Mutant human p53 were generated by PCR-directed mutagenesis. Respective cDNAs encoding wild-type p53 and the mutants were subcloned into a commercially available expression vector to create a fusion protein with GST. Correct fusions of the genes were confirmed by sequencing the constructs. The constructs were introduced into Escherichia coli (BL21), and the proteins were induced with 0.1 mM isopropyl-thio-b-D-galactopyranoside. The GST-p53 fusion protein was purified with a standard procedure using glutathione agarose beads. The purified protein was prepared in a buffer (20 mM NaCl, 115 mM KCl, 10 mM Hepes, 1 mM MgCl 2 ) at a concentration of 1 mg/ml and microinjected into the cytoplasm of the zygotes at 6 h postfertilization.
Analysis of pronuclear DNA synthesis
Zygotes were incubated with [ 3 H]TdR (0.1 mCi/ml) from 8 to 18 h after fertilization. They were then transferred into a hypotonic buffer (0.9% sodium citrate, 3% fetal calf serum) for 5 min at 371C and fixed for 5 min in methanol/acetic acid/ water (5/1/4 in volume). The fixed zygotes were placed onto glass slides and washed with methanol-acetic acid (3/1 in volume). Slides were then treated with 5% trichloroacetic acid solution for 1 h on ice and washed with ethanol for 5 min at room temperature before being dipped in Kodak NTB2 emulsion, and stored at 41C for 2 weeks. After development, autoradiographs were stained with Giemsa solution and examined under a microscope. The number of silver grains per nucleus was determined on the photograph of male and femal pronuclei.
For BrdU labeling experiments, zygotes were cultured in M16 medium containing 100 mM BrdU for 30 min and washed with phosphate-buffered saline (PBS). After removal of zonapellucida, zygotes were fixed in methanol/acetic acid/water (5/1/4 in volume), permeabilized in PBS with 1% BSA and 0.1% Triton X-100, and DNA denatured in 4 N HCl, 0.5% Triton X-100. Fixed embryos were stained for 1 h at 371C with anti-BrdU (1 : 100 dilution; Boehringer Mannheim) in PBS with 0.5% BSA, washed three times in PBS with 0.1% Triton X-100, and stained for 1 h at 371C with Cy-3-conjugated antimouse IgG (1 : 100 dilution; Jackson Immuno Research Laboratories, Inc.).
